The possibility of probing the collisions of aligned Rydberg atoms by stimulated emission is assessed with studies of a polarized state and a new measurement of a collisional alignment effect in atomic Ca. The stimulated emission method uses a laser to dump the desired state to a lower level which subsequently fluoresces. The technique can be used to obtain populations and polarization dependent information. First, the method is tested by applying it to an aligned Ca(4s17d 1 D 2 ) state. Alignment curves are measured when the initial state is prepared with both parallel and perpendicular relative polarizations. The experimentally observed alignment compares well with that derived from theoretical considerations of a saturated stimulated transition. Second, a two-vector collisional alignment experiment ͑initial state and relative velocity vector͒ is performed to study the energy transfer process Ca(4s7d
I. INTRODUCTION
There is a vast body of experimental and theoretical work on the collisions of Rydberg atoms in the literature. 1 The majority of these studies have focused on probing the scalar properties of these collisions. For example, the dependence of the cross sections for orbital angular momentum (l) mixing, 2, 3 collisional depopulation ͑quenching͒, 4 -6 and collisional ionization 6 on the principal quantum number n of a Rydberg atom have been investigated. In addition, only a few studies have looked at state-to-state dynamics or alignment properties of Rydberg collisions. [6] [7] [8] [9] All of these studies have been important in understanding the collisional behavior of Rydberg atoms. Yet with modern laser probe methods a deeper understanding of Rydberg collisions is possible by addressing both the scalar and vector properties.
Consider the crossed beam atom-atom collision A*͑n,l ͒ϩRg→A*͑ nЈ,lЈ͒ϩRgϩ⌬E, ͑1͒
where Rg is a rare gas and A*(n,l) is an excited and aligned Rydberg atom. If the initial Rydberg state is orbitally aligned by excitation with linearly polarized laser light, the dynamical event is intrinsically directional. To understand what effect this directionality has on the outcome of the collision, a vector correlation experiment is necessary. Such vector quantities include initial and final relative velocities and initial and final state alignment. Understanding how the collision depends on the defined vector quantities allows the anisotropy of the collisional process to be unraveled. Such insight has been gleaned from energy transfer processes of initially aligned valence orbitals. Two-, three-, and four-vector correlations of aligned atomic valence states have been examined experimentally [10] [11] [12] [13] [14] [15] [16] [17] and theoretically. 18 -26 Recently, we are extending the studies of alignment effects to include statechanging collisions of Rydberg atoms. 27 Quite different dynamics are possible for aligned Rydberg atoms compared to valence states because of their large spatial extent. Theoretical considerations of the collisional scattering of a Rydberg atom and a rare-gas atom have received intense scrutiny. The scattering event may be viewed as a three-body problem. Interactions occur among the Rydberg electron, the structureless rare-gas atom, and the ionic atomic core. The models describing Rydberg collisions rely on several approximations. One idea uses the BornOppenheimer approximation ͑BO͒ within certain limits when the electron moves much faster than the nuclei. 9 However, since the electron velocity scales as n Ϫ1 , this approximation loses its validity for high Rydberg states. An alternative approach is based on a low electron velocity for large n principal quantum numbers, in which the impulse approximation ͑IA͒ plus free electron model ͑i.e., low energy electron scattering͒ is appropriate. 28 -32 Morrison and co-workers applied this free electron model to the CaϩHe system and have pre- dicted about 10% alignment effects in a state-to-state energy transfer. 33 It might seem that to extend the study of orbital alignment effects to energy transfer processes of Rydberg states, the only requirement would be to excite to a higher energy state. However, because of the density of states in the Rydberg regime, detection of direct fluorescence from selected collisionally produced states is a nontrivial task. In addition, multiple collisions occur because of the long lifetime of the Rydberg states, and there is cascading through many levels. Here, a novel stimulated emission probing method to detect the final state is exploited, which is referred to as the dump method. Ongoing experiments in our laboratory have used this method to study a state-to-state collision-induced energy transfer of the Ca 4s17d Rydberg state. 27 In Fig. 1 , a schematic energy diagram of a Rydberg collision is given, together with optical transitions used for both the preparation of the initial level and the stimulated emission dumping of the final state. The subsequent fluorescence from the dumped level is then measured and analyzed to obtain the collision cross sections as a function of initial orbital alignment. An advantage of the method is that all of the excitation and probe lasers are in the optical regime. States can be probed that are very near to the ionization limit, which would ordinarily require microwave frequencies for detection. Using nanosecond pulsed lasers, excellent time resolution is achieved, which can be used to avoid multiple collision events. Basically, the stimulated emission technique allows the resolution of many highly congested Rydberg levels. In addition, two-vector correlation experiments are readily extended to three-vector correlation studies, since the polarization vector of the dump laser can investigate the alignment ͑orientation͒ of the final state. In this paper we do not consider this supplemental feature of the final state alignment in the collision process.
Of course, the stimulated emission laser can ionize the Ca final state. Both photoionization and stimulated emission processes follow the rate expression for one-photon absorption
where ͑͒ is the energy density and B fi is the Einstein B coefficient. Therefore, to assess the competition between photoionization and stimulated emission we need only compare the B fi values. The Einstein B coefficients are
where is the transition dipole operator. Since the final state of the photoionization step is a continuum, whereas for the dump transition it is a bound state, the photoionization is much less likely than stimulated emission; this is evidenced in the experiment. We estimate from calcium cation signals that about 100 ions per laser pulse are produced by ionization of a Ca 4snd state. In fluorescence, however, we estimate that about 10 5 or 10 6 atoms are excited by the laser pulse and emit radiation.
The objective of this paper is to demonstrate and verify the use of an optical stimulated emission scheme as a probe for the Rydberg state population and alignment. In order to test this hypothesis, we perform two experiments which are shown in Fig. 2 . First, we dump an initially aligned and excited (4s17d 1 D 2 ) level of Ca to the (4s5 p 1 P 1 ) state using an 823 nm laser photon ͓Fig. 2͑a͔͒. The subsequent dumped state fluorescence to the (3d4s 1 D 2 ) state at 672 nm is then collected in a well-defined direction. Notice that no collisional scattering occurs in this polarization probe example. The dumped state fluorescence is measured as a function of the arrangement of the three linear laser polarizations with respect to the viewing direction. We compare these results to theoretical predictions of the alignment effect. Because the dump method may introduce extra alignment ͑or orientation͒ in the dumped state, the effects of anisotropy in the emitted dumped state fluorescence and saturation of the dump transition are taken into account in the analysis.
Second, we use the dump method to measure an alignment effect of an unexplored energy transfer process; as a check, we interrogate the system both by stimulated emission Fig. 2͑b͒ . Elliptically polarized laser light is used in this dump step to assure that all magnetic sublevels of the final (4s6 f ) state are dumped equally in saturation. Because the final state alignment ͑ori-entation͒ can be ignored in this case, a two-vector correlation experiment is achieved ͑initial alignment vs relative velocity͒, and the results of the dump method can be compared directly with those from conventional direct fluorescence detection. Here, spontaneous emission of the final ͑ 1 F 3 ͒ level to the (3d4s 1 D 2 ) state at 411 nm is monitored, as depicted in Fig. 2͑b͒ . Interpretation of the data from the collisioninduced energy transfer will be presented.
II. EXPERIMENTAL METHOD

A. Overview
The experimental setup is shown schematically in Fig. 3 and consists of an effusive beam of Ca, a pulsed supersonic jet of He, two collinear tunable pulsed laser beams to prepare the initial state, and a third tunable pulsed dye laser, collinear and counterpropagating with the excitation laser beams, to stimulate emission from any state. The Ca and He beams are crossed perpendicularly to form a well defined initial relative velocity vector or collision axis, v rel . Fluorescence is detected through a fiber optic bundle, at an angle of 68°from the Ca beam axis ͑see Fig. 3͒ , and monochromator plus photomultiplier tube ͑PMT͒ or a fiber optic bundle and interference filter plus PMT arrangement. The fluorescence signal from stimulated emission or direct fluorescence is detected as a function of the angle between the polarization of the excitation lasers and v rel .
B. Stimulated emission detection of aligned Ca 4s17d
In order to investigate the possibility of measuring reliable final state populations with the dump method, we stimulate emission from an initially aligned and excited Ca(4s17d 1 D 2 ) level to the (4s5 p 1 P 1 ) state using an 823 nm laser photon ͓Fig. 2͑a͔͒. The subsequent dumped state fluorescence to the (3d4s 1 D 2 ) state at 672 nm is then collected in a well-defined direction and compared to theory as a function of the initial state polarization. The three relevant vector quantities in this experimental test of the dump method are shown in Figs. 3 and 4. There are two polarization vectors of the laser beams ͑423 and 396 nm͒ which prepare the initial state and one polarization vector of the laser beam ͑823 nm͒ which stimulates emission from the aligned Ca state. Typically, an aligned ͑oriented͒ lower state is populated in the dump process. Finally, the subsequent dumped state fluorescence serves as an indicator for the upper state population, which is detected in a well-defined direction determined by the position of the fiber bundle that collects the photons. This viewing direction determines the third relevant vector quantity. Note that the velocity vectors of the Ca beam ͑and He beam͒ are not relevant here, since no collisional scattering occurs in this test of the stimulated emission technique.
The general angular configuration of the relevant vectors is also depicted in Fig. 4 . A space-fixed coordinate frame (X,Y ,Z) is used as a reference frame, which is also schematically shown in Fig. 3 . The collinear excitation lasers are linearly polarized and the polarizations are arranged either parallel or perpendicular to each another. Both polarizations can be simultaneously rotated in the X-Z plane. The initial Ca(4s17d 1 D 2 ) state is described most easily in a coordi- nate frame where one of the laser polarization vectors serves as the quantization axis. We term this coordinate frame the preparation frame (x p ,y p ,z p ). The laser fixed z p axis makes an angle ␤ p with respect to the space-fixed Z axis as visualized in Fig. 4 . The linearly polarized dump laser is collinear and counterpropagating with the two excitation laser beams. Therefore, the polarization vector of the dump laser is rotated in the same X-Z plane, making an angle ␤ d with the Z axis as shown in Fig. 4 . This laser polarization serves as the quantization axis in the dump frame (
The fiber optic bundle that collects the dumped state fluorescence is positioned in the space-fixed X-Y plane, making an angle ␣ϭ68°w ith respect to the negative X axis. This viewing direction defines a corresponding viewing frame (x v ,y v ,z v ) with the z v axis coinciding with the viewing direction, as is depicted in Fig. 4 .
The 4s17d is prepared by a two-step absorption of linearly polarized light produced by the 355 nm output of a single Nd:YAG laser pumping two tandem pulsed dye lasers ͓423 and 396 nm as noted in Fig. 2͑a͔͒ . Two distinct arrangements of the linear polarizations of the combined excitation laser beams are chosen. First, the two laser beams are combined and passed through a single Glan prism. In such an arrangement, the two laser polarizations are linear and parallel, so termed the parallel polarization ͑ ͒. Second, one laser beam is passed through a half-wave plate to rotate the beam 90°prior to beam combination. Then the two laser polarizations are linear and perpendicular ͑ ↔͒. The two beams are combined and sent through a double Fresnel rhomb polarization rotator, which permits the angle, ␤ p , between the pump polarization and the space-fixed Z axis to be varied.
The orbitally aligned (4s17d 1 D 2 ) state is deexcited to the (4s5p 1 P 1 ) state using an 823 nm dump photon produced by a dye laser pumped by the second harmonic output of the second Nd:YAG. The dump laser polarization is linear and fixed perpendicular to the atomic Ca beam axis. This means that the dump frame (x d ,y d ,z d ) coincides with the space-fixed frame (X,Y ,Z), and we can set ␤ p ϭ␤ and ␤ d ϭ0 in our analysis. The pump-probe delay was set at 100 ns. The subsequent dumped state fluorescence to the (3d4s 1 D 2 ) state at 672 nm is then measured with a fiber optic bundle coupled to a monochromator and photomultiplier tube ͑PMT͒. The 672 nm signal is averaged with a boxcar.
C. 4s7d collision-induced energy transfer
A collisional experiment is also performed in the crossed-beam apparatus shown in Fig. 3 , where the initial relative velocity vector, v rel , is defined by the crossed atomic beams. The collision energy is 67 meV for the CaϩHe system. The relative polarizations of the lasers are prepared with half-wave plates and Glan prisms; the combined excitation laser beams are propagated through a double Fresnel rhomb polarization rotator, as described in Sec. II B. Here, however, the angle ␤ rel between the initial state alignment and the relative velocity vector is varied in the alignment experiment ͑see Figs. 3 and 4 , ␤ rel ϭ␤ p ϩ rel ͒.
Two distinct experiments are performed using two different detection methods. These two collinear pulsed dye laser beams are propagated perpendicular to the plane containing the two atomic beams. The dye lasers are arranged in tandem and are pumped by the 355 nm output of a single Nd:YAG laser. The two laser beams are combined before entrance to the chamber by a dichroic beam splitter. The dump laser beam is produced from the output of a third dye laser pumped by the 532 nm output of a second Nd:YAG laser.
Stimulated emission detection
To stimulate emission from the final (4s6 f 1 F 3 ) state to the (4s4d 1 D 2 ) state, a wavelength of 1125.6 nm is required. The 532 nm output of a second Nd:YAG laser pumps a third pulsed dye laser. The output of the dye laser is directed through a Raman cell containing H 2 at a pressure of 4ϫ10 6 Pa. The Raman first stokes radiation is produced at 1125.6 nm and separated from the fundamental and antiStokes radiation by a Pellin-Broca prism. The 1125.6 nm radiation ͑approximately 200 J/pulse͒ is directed into the vacuum chamber collinear and counterpropagating to the excitation laser beams. The stimulated emission laser pulse is delayed 100 ns from the pump laser trigger. The radiation is linearly polarized with respect to the space-fixed Z axis. To produce an elliptically polarized dump pulse, the linearly polarized radiation is propagated through a Babinet-Soliel Compensator set to act as a /8 wave plate. Fluorescence from the (4s4d 1 D 2 ) to the (4s4 p 1 P 1 ) state at 733 nm is measured at a gate acceptance delay of 175 ns after the pump laser trigger, with a width of 75 ns. One fiber optic bundle couples light to the monochromator plus PMT, the signal is amplified, and 733 nm photons are counted. The initial state fluorescence, monitored for normalization purposes at 672 nm with an interference filter and PMT, is amplified for boxcar integration.
Direct fluorescence detection
The energy transfer process is detected by measuring the fluorescence from the (4s6 f 1 F 3 ) state at 411 nm. The fluorescence signal is collected by a fiber optic bundle coupled to a 0.5 m monochromator and photomultiplier tube ͑PMT͒. The PMT current is amplified and integrated with a boxcar. Time-gated detection with boxcar integration is used for processing the final state fluorescence. The boxcar gate is delayed by 100 ns from the laser trigger and has an acceptance width of 100 ns. Background signals are accounted for by blocking the combined excitation laser beam and subtracting 
where the a m are the expansion coefficients. Two different initial states can be created when the two linear laser polarizations are ͑i͒ parallel ͑ ͒ or ͑ii͒ perpendicular ͑ ↔͒, producing states denoted as ͉ u,ʈ ͘ and ͉ u,Ќ ͘. In the preparation frame the two states have the following vector representations:
In order to calculate the form of the dumped lower level ͉ l ͘, the upper state is represented in the dump frame, which coincides with the space-fixed frame in our experiment ͑␤ p ϭ␤, ␤ d ϭ0͒. 
Stimulated emission or dump step
In the dump frame the upper level is given by the superposition states of Eq. ͑6͒. We derive a general expression for a lower state which is stimulated down from an upper superposition state with a linearly polarized photon. Two extreme situations are considered in this derivation, i.e., for low laser powers the transitions are unsaturated, whereas for high laser powers they are saturated. The laser powers that define the unsaturated and saturated limits depend on the particular optical transitions under consideration. Both situations are considered in the following analysis.
The time-dependent electromagnetic field E(t)ϭEe Ϫit perturbs the Hamiltonian H ͑0͒ describing the atomic system. In first order this results in the dipole operator,
where is the electric dipole moment operator and the righthand side is written in a Cartesian basis (x ,ŷ ,ẑ 
where we have applied the Wigner-Eckart theorem. 34 In this equation ͗ j l ʈE 1 ʈ j u ͘ is the reduced matrix element, independent of the magnetic sublevel quantum numbers m l and m u , and ͗1m j l m l ͉ j u m u ͘ is a geometrical Clebsch-Gordan coefficient. 34, 35 In our experiment the upper state is not a single magnetic sublevel with respect to the dump laser polarization, but a coherent superposition state as given by Eqs. ͑4͒, ͑5͒, and ͑6͒:
͑9͒
In order to calculate the dumped lower level we have to consider two approximations. First, we will take into account the stimulated emission process by a ͉1,m͘ photon only and neglect the reverse process, i.e., the absorption of a ͉1,m͘ photon by the lower level. In this so-called unsaturated situation the lower state ͉ l ͘, is given by
However, in the second approximation the lower level is populated significantly and the absorption of a dump laser photon by the lower state ͉ l ͘ has to be taken into account as well. In the saturated case, the magnetic sublevels which are connected in the optical transitions are equally populated and we no longer have to consider the geometrical ClebschGordan coefficients. In this saturated condition the lower level is given by
where the sum over m l only runs over those magnetic sublevels for which the optical transition is allowed, i.e., for which the Clebsch-Gordan coefficient ͗1m j l m l ͉ j u m u ͘ is essentially nonzero. The orbitally aligned (4s17d 1 D 2 ) state ͑j u ϭ2͒ is stimulated to the (4s5p 1 P 1 ) state ͑j l ϭ1͒ using an 823 nm dump photon. In our experiment the linearly polarized dump photon is given by the vector ͉1,0͘ in the space-fixed frame. In the unsaturated case the lower states, ͉ l,ʈ uns ͘ and ͉ l,Ќ uns ͘, are given by
In the saturated situation, the magnetic sublevels which are connected in the optical transitions are populated equally and the geometrical Clebsch-Gordan coefficients no longer appear in the expression of the lower state. In this saturated condition the lower levels ͉ l,ʈ sat ͘ and ͉ l,Ќ sat ͘ are given by
where the summation runs over all magnetic sublevels m l for which the optical transitions, ͉ j u m u ͘→͉ j l m l ͘, are allowed by selection rules.
Dumped state fluorescence
The dumped state fluorescence from the (4s5 p 1 P 1 ) state to the (3d4s 1 D 2 ) state at 672 nm is monitored with a fiber optic bundle coupled to a monochromator and a PMT. The photons emitted in the ẑ v direction of the viewing frame are detected. This direction corresponds to the 68°angle that the fiber optic bundle makes with the Ca beam axis. Only the two circular laser polarizations have to be considered in this frame, i.e., ê Ϫ1 1 and ê 1 1 . Therefore, we transform the lower states ͉ l ͘ of Eqs. ͑12͒ and ͑13͒ into the viewing frame. Since the dump frame coincides with the space-fixed frame, only a rotation over the Euler angles ͑␣,/2,0͒ is necessary. The net result of this rotation is
͑14͒
Combining Eqs. ͑12͒, ͑13͒, and ͑14͒ allows us to represent the deexcited Ca(4s5 p 1 P 1 ) state in the viewing frame for both the parallel and the perpendicular orbital preparation and for both the saturated and unsaturated dump transition. The solid angle of collection of the fiber optic bundle is not included in the calculation. It has been shown 36 that the fluorescence anisotropy for a perfectly aligned atomic state is not critically dependent on the finite solid angle of collection.
To calculate the spontaneous emission rate for the two possible photon polarizations, ͉1,Ϫ1͘ and ͉1,ϩ1͘, we make use of the transition matrix elements of Eq. ͑8͒ connecting the (4s5p 1 P 1 ) state ͑j l ϭ1͒ to the (3d4s 1 D 2 ) state ͑j f ϭ2͒
͑15͒
where l labels the lower level of the dump step from which the dumped state fluorescence originates and f labels the final level of the dumped state transition. The dumped state ͉ l ͘ can be represented in the viewing frame by combining Eqs. ͑12͒, ͑13͒, and ͑14͒, resulting in analytical expressions for the bracket ͗ j l m l ͉ l ͘.
In this verification of the stimulated emission technique we prepare two different initial wave functions with parallel ͑ ͒ or perpendicular ͑ ↔͒ laser polarizations. Furthermore, the dump transition can be either saturated ͑sat͒ for high laser powers, or unsaturated ͑uns͒ for low laser powers. Combination of Eqs. ͑12͒, ͑13͒, ͑14͒, and ͑15͒ results in the four following ͑normalized͒ expressions: ʈ,uns I ph ϭ 542Ϫ18 cos 2␣͑1Ϫcos 4␤ ͒ϩ336 cos 2␤ϩ18 cos 4␤ 542Ϫ18 cos 2␣ , ʈ,sat I ph ϭ 155Ϫ6 cos 2␣͑1Ϫcos 4␤ ͒ϩ84 cos 2␤Ϫ15 cos 4␤ 155Ϫ6 cos 2␣ ,
͑16͒
Ќ,uns I ph ϭ 56Ϫ2͑1ϩcos 2␣ ͒͑ 1ϩcos 4␤ ͒ 54Ϫ2 cos 2␣ , Ќ,sat I ph ϭ 47Ϫ2 cos 2␣͑1ϩcos 4␤ ͒ϩ5 cos 4␤ 47Ϫ2 cos 2␣ .
Putting in the experimental value, ␣ϭ68°, gives the final equations which can be used in a least-squares fit of the data, which we obtain by rotating the laser polarizations of the preparation lasers about the Ca beam axis.
B. Results and discussion of Ca 4s17d 1 D 2 stimulated emission probing
In Fig. 5 , we compare the experimental alignment curve for dumping an aligned (4s17d 1 D 2 ) state to the theoretical predictions generated by Eq. ͑16͒ for the saturated and unsaturated cases. In these measurements the linear dump laser polarization has been fixed parallel to the space-fixed Z axis, ␤ d ϭ0, and only the parallel ͑or perpendicular͒ polarizations of the two preparation lasers are rotated in the X-Z plane, ␤ p ϭ␤. Alignment curves are taken over a range of nine angles for ␤ in steps of 30°from Ϫ120°to ϩ120°. To ensure that fluctuations of the Ca beam from different daily runs and the drift of the time gating do not degrade the angular structure, each alignment curve is normalized to its own average. For parallel laser polarizations eleven alignment curves are averaged to yield the final result, whereas for the perpendicular polarizations only four alignment curves are combined. Figure 5͑a͒ displays the observed signals obtained for the parallel case, together with the theoretical curves obtained with the expressions of Eq. ͑16͒, for the saturated and unsaturated cases. Both expressions predict a large alignment effect, in agreement with the observed alignment data. However, the saturated case shows better overall agreement. This is not a surprise, since the dump laser power was maximized in order to obtain the largest signal counts for the dumped state fluorescence. In Fig. 5͑b͒ the experimental data for the perpendicular case are shown, together with the theoretical predictions. The theoretical expression predicts a much smaller alignment effect, resulting in a very different vertical scale. Notice, however, that the error bars, which are obtained by averaging four data sets, are of the same order of magnitude as in the parallel case. Again, better agreement is observed for the saturated case. In the saturated cases, the slight disagreement between the experimental and theoretical alignment effects may be attributed to the exclusion of the finite solid angle of collection by the fiber optic in the theory. We estimate a 5%-10% difference between the experimental and theoretical curves by ignoring the finite solid angle.
IV. COLLISIONAL ALIGNMENT EFFECT OF Ca(4s7d 1 D 2 )؉He ENERGY TRANSFER
A. Dump method vs direct fluorescence
In this section we use the stimulated emission technique to measure a collision-induced energy transfer alignment effect. The ultimate goal is to investigate alignment effects for the collisional energy transfer of Rydberg states. To provide a first measurement that can be compared to the conventional fluorescence methods used previously, we choose a system where the initial state is neither strictly in the valence nor in the Rydberg regime, but which can be probed by both methods. The system is
. ͑17͒
Two-and three-vector correlations
Although not obtained here, in principle, the stimulated emission technique could provide alignment information of the final state. The polarized dump laser would be used to obtain the magnetic sublevel ͉ j,m͘ distribution of the final (4s6 f 1 F 3 ) state with respect to the dump laser polarization vector. This would result in a three-vector correlation experiment, where the three vectors are the initial relative velocity vector, the initial state polarization, and the dump laser polarization. This is analogous to several previous experiments, where the final state alignment is investigated with a probe laser exciting to a higher energy final state 14, 15 instead of dumping to a lower level.
The direct fluorescence method, however, does not reveal alignment information of the final state if the light collection is over a large angle and if no polarization selective optics are used. Basically, it constitutes a two-vector correlation where only the initial relative velocity vector and the initial state polarization are manipulated relative to each other. In order to compare the dump method with the direct fluorescence, we choose a dumping scheme that allows all the final state magnetic sublevels to be probed equally. The final state (4s6 f 1 F 3 ) is dumped down to a (4s4d 1 D 2 ) state using an 1126 nm photon. The dump laser is elliptically polarized, which can be considered as a superposition of two circular polarizations, ê Ϫ1 1 and ê 1 1 . This means that for all magnetic sublevels, ͉ jϭ3,m͘, one or two stimulated transitions to a lower magnetic sublevel, ͉jϭ2, mϮ1͘, are possible. All 4s6 f magnetic sublevels are stimulated down to the 4s4d levels only in the saturated limit. Thus our dump experiment is reduced to a two-vector correlation.
B. Results
Stimulated emission detection
The emission from the dumped state is collected and measured as a function of angle ␤ rel and is shown in Figs. 6͑a͒ and 6͑b͒ for both parallel and perpendicular laser polarizations. Data were collected every 15°to resolve fourfold structure. The error bars represent the average standard deviation of the mean in the points. In order to extract dynamical information about the energy transfer process, the following expression is used:
where m and mЈ are the magnetic quantum numbers of the initial state with respect to the initial relative velocity vector and the preparation laser polarization, respectively. The Wigner d mm Ј j functions are rotation matrices which relate the quantization axes of the preparation frame and collision frame, where v rel serves as the quantization axis. Finally, the g mЈ represent the population distribution of the initial state in the preparation frame. The angular behavior of the cross section may be written equivalently as
The ͉m͉ are the cross sections for the transfer process of Eq. ͑17͒ for an initial ͉ j,m͘ substate quantized with respect to relative velocity vector. These individual ͉m͉ cross sections are averages over the total impact parameter range, and averages over all magnetic sublevels of the final 1 F 3 state. The explicit expressions of Eq. ͑19͒ for the parallel and perpendicular laser polarization are provided in the literature. 11 The solid curves in the alignment data represent a nonlinear least squares fit to Eqs. ͑18͒ and ͑19͒. In this experiment the initial state has the quantum number jϭ2, so up to fourfold structure may be observed. The data exhibit cos͑2␤͒ and cos͑4␤͒ structure. These contributions are related to the individual m sublevels of the Table I .
Fluorescence detection
Direct fluorescence intensity from the collisionally produced angle ␤ rel . Figures 7͑a͒ and 7͑b͒ display the alignment curves for the two initial state laser preparations, parallel and perpendicular. The curves are fit to the expressions given above and the relative cross sections are given in Table I . The data for direct fluorescence detection is much less noisy than for the dump method, which we attribute to the fact that more signal is acquired with direct fluorescence than with the dump method. This may be because some of the population of the final state fluoresces before we pulse the dump laser, which decreases the amount of Rydberg levels stimulated down to the 4s4d state.
C. Discussion Table I provides a comparison of the m-sublevel cross sections obtained from the alignment curves for the two detection methods. The direct fluorescence data have smaller error bars because the signal to noise ratio was better than for the stimulated emission method. The comparison is quite good, with most values agreeing within the error bars of the stimulated emission data. We conclude that a two-vector correlation can be performed with the stimulated emission dump method provided the appropriate probing scheme is selected.
Comparison of stimulated emission and fluorescence detection
Interpretation of relative m-sublevel cross sections
The dynamical information of the state-changing collision is contained in the individual m-sublevel cross sections.
These cross sections describe how the initial state symmetries ͑with respect to v rel ͒ contribute to the total cross section. From Table I , the ͉2͉ and ͉1͉ values are equal within experimental error and about 7% larger than the value of 0 ͑fluo-rescence data͒. The data can be analyzed with BornOppenheimer potential energy curves for the transient CaHe diatomic where the Ca 1 D 2 m L states ͑0, Ϯ1, and Ϯ2͒ correlate asymptotically to the molecular ⌺, ⌸, and ⌬ states. Unfortunately, there is no data on the qualitative or quantitative features of these potentials. However, even though the density of interacting states around the 4s7d level is large, state specific effects are still observed. From the measured cross sections we conclude that the asymptotic ⌬ and ⌸ states are preferred in the collision event. The final state is a 1 P 1 and the asymptotic final states are ⌺ and ⌸. This may mean that radially induced coupling between the initial and final ⌺ states is not preferred. It is likely that angular ͑rota-tional͒ coupling of the initial ⌬ state to the final ⌸ state, radial coupling of the initial and final ⌸ states, and rotational coupling between the initial ⌸ and final ⌺ states are important in this collisional transition. Additional theoretical work is needed to elucidate the state-changing mechanism for this system. In a previously studied 
V. SUMMARY
We have shown that alignment effects observed by stimulated emission and direct fluorescence of an aligned state are essentially equivalent provided all the final state magnetic sublevels are probed equally. Therefore, this method can be applied to the study of two-vector correlations in collision-induced energy transfer of aligned Rydberg states. In the following paper we provide results for such an investigation. In addition, new results are obtained for a state-changing collision. Relative m-sublevel dependent cross sections for the (4s7d 1 D 2 ) to (4s6f 1 F 3 ) energy transfer process are measured and qualitatively interpreted. 
